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Abstract
Winter mortality is a common problem for Arkansas baitfish farmers that produce Fathead Minnow (FHM) Pime-

phales promelas and Golden Shiners (GS) Notemigonus crysoleucas. Winter feeding programs are a potential avenue
to improve survival and condition and reduce weight loss of baitfish. Methods of winter feeding vary widely among
producers, and currently there are no recognized best management practices. The impacts of different winter feeding
regimens on FHM and GS survival, growth, and lipid storage were evaluated in temperature-controlled aquarium sys-
tems. Fathead Minnow (mean � SD = 0.88 � 0.04 g) or GS (0.88 � 0.02 g) were stocked at ambient water temper-
ature, and the temperature was reduced to 6°C (FHM) or 8°C (GS) to mimic winter conditions. Three feeding
regimens were implemented (3 tanks/regimen) that included ad libitum feeding twice per week (2×/week), once per
week (1×/week), or once per month (1×/month). Significant differences in weight gain (loss), condition factor (K), and
specific growth rate were observed after 13 weeks for FHM. Fish that were fed 2×/week gained nearly 3%, while fish
that were fed 1×/week or 1×/month lost weight (2.3% and 10.1%, respectively). There were no significant differences
in GS final weight (0.79–0.82 g), survival (65.0–88.3%), or weight gain (�6.84% to �9.50%) among treatments after
12 weeks. The GS from the 2×/week treatment had significantly higher K-values than GS that were fed
1×/week or 1×/month. Fatty acid profiles of both species differed among treatments, showing a decline in saturated
fatty acids from initial levels and an increase in polyunsaturated fatty acids (PUFAs) as feeding frequency decreased.
Results suggest that fish may lose weight during the winter, but it does not appear to adversely affect survival, and
both species alter their fatty acid compositions to optimize n-3 PUFAs during cold water temperatures.
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Arkansas is a leading producer of baitfish, with more
than 9,700 ha devoted to production of various baitfish spe-
cies, and accounts for more than 80% of the annual baitfish
production in the USA. Arkansas baitfish farmers raise pri-
marily two species, the Fathead Minnow (FHM) Pime-
phales promelas and the Golden Shiner (GS) Notemigonus
crysoleucas, which account for the vast majority of fish pro-
duced. These baitfish are preferred for numerous sport fish
species and are cultured at high densities in outdoor earthen
ponds, which are subject to cold water temperatures for sev-
eral months each winter. Baitfish mortality during the win-
ter does occur and can be a serious financial issue for
producers, as it reduces profitability. Bird predation, water
quality issues, disease, and harsh fluctuating winter temper-
atures can all contribute to fish loss.

Winter feeding is often recommended to improve sur-
vival and condition and reduce weight loss in FHM and
GS during the winter months; however, there is a scarcity
of data on the efficacy of winter feeding programs at
specific temperatures. Winter feeding practices among
baitfish farmers differ and may vary depending on water
temperature, feed prices, winter weather conditions, and
other factors. Both FHM and GS are found in geographic
regions further north than Arkansas and are accustomed
to cold temperatures in their natural environment (Stone
et al. 2016, 2019). Effective feeding strategies are further
complicated by large pond sizes, which in some cases may
exceed 25 ha (Stone et al. 2016, 2019). During the peak of
the production season, baitfish farmers typically adminis-
ter small amounts of feed (10 kg�ha�1�d�1) compared to
other aquaculture industries, such as catfish, for which
feeding rates commonly exceed 150 kg�ha�1�d�1. Most
commercial farmers feed baitfish a diet that contains 28–
32% protein. Farmers fertilize ponds to provide an addi-
tional source of food for baitfish, which includes zoo-
plankton, algae, and small insects (Stone et al. 1997).
Golden Shiners can acquire 40% or more of their diet
from natural foods (Lochmann and Phillips 1996), and it
has been reported that FHM can supplement protein with
energy obtained from consumed detrital materials (Lemke
and Bowen 1998). During the winter months, natural food
items in the pond become scarce, and farmers provide feed
much less frequently due to cold water temperatures and
weather conditions. Early work by Rowan and Stone
(1992, 1994) evaluated winter feeding protocols in experi-
mental earthen ponds in Arkansas. McNulty and Stone
(1997) highlighted the benefits that winter feeding con-
ferred on pond algae blooms. Presently, there are no uni-
versally recognized best management practices for the
winter feeding of baitfish, although most farmers in
Arkansas try to administer feed a couple of times per
month during the winter months.

After an unusually cold winter in 2012–2013, baitfish
and sport fish farmers in Arkansas reported larger than

customary losses of fish when they began to harvest
ponds. In total, more than 2,300 ha of FHM and GS pro-
duction ponds on Arkansas baitfish farms were affected
(Roy et al. 2013, 2017; Stone et al. 2016). During that
winter, many baitfish farmers reported losing more than
50% of their crop. Due to weather conditions and high
feed prices, many farmers did not feed the fish as fre-
quently as they had during previous winters (Roy et al.
2013).

Survival during the winter is typically lower for small
fish than for larger, more mature fish (Toneys and Coble
1979; Johnson and Evans 1990; Miranda and Hubbard
1994; Sogard 1997; Schultz et al. 1998; Hurst 2007). How-
ever, if fish are fed during the winter, it appears that sur-
vival can improve. Ludwig (1996) reported that survival
of FHM was high (>75%) during the winter when the fish
were fed at either 0.1% or 2% of body weight (BW); more-
over, fish that were fed at 2% BW were significantly larger
at spring harvest. Additionally, feeding may allow fish to
consume essential fatty acids (FAs) that are required for
metabolic functions (e.g., immunity, membrane integrity,
and growth) as well as survival.

The objective of this research was to better understand
winter feeding management practices and assess their
potential to improve the survival and well-being (health)
of two important baitfish species during the winter, when
suboptimal water temperatures are present.

METHODS
Fish and culture conditions.— Fathead Minnow were

obtained from a commercial grower (I. F. Anderson Min-
now Farm, Lonoke, Arkansas) and were transported to
the Lonoke Fish Disease Diagnostic Laboratory (Univer-
sity of Arkansas at Pine Bluff) in November 2013. The
fish were stocked into a 150-L holding tank connected to
a larger recirculating system. Fish were held in the labora-
tory for approximately 1 month prior to the commence-
ment of the experimental trial to determine that they were
disease free and fully acclimated to laboratory conditions.
During acclimation, fish were fed a 35% protein, 6% lipid
commercial feed (Delta Western Feed, Indianola, Missis-
sippi) as fed in a study by Roy et al. (2017). In brief, the
FA content of the diet was as follows: 14:0 (1.90%), 16:0
(10.40%), 17:0 (1.29%), 18:0 (5.09%), 16:1 (2.98%), 18:1
(n-7) (2.90%), 18:1(n-9) (oleic acid; 15.20%), 20:1 (4.89%),
18:2(n-6) (linoleic acid [LA]; 10.80%), 18:3(n-3) (alpha-
linolenic acid [ALA]; 8.11%), 20:3 (10.50%), 20:5(n-3)
(eicosapentaenoic acid [EPA]; 6.37%), and 22:6(n-3) (do-
cosahexaenoic acid [DHA]; 9.62%); in the preceding nota-
tion, the number to the left of the colon is the number of
carbon atoms, the number to the right of the colon is the
number of double bonds, and the number after the hyphen
is the position of the first double bond from the methyl
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end). After acclimation, FHM (mean individual weight �
SD = 0.88 � 0.04 g) were stocked into a 908-L recirculat-
ing system equipped with an in-line water heat pump
(Delta Star Model DSHP-5, 0.5 hp; Aqua-Logic, San
Diego, California) for temperature control. The recirculat-
ing system was configured as nine 38-L tanks (3 replicate
tanks/treatment) connected to a sump and biological filter.
Each tank was stocked with 20 fish and supplied with aer-
ation from a regenerative blower connected to air stones
within the tank.

Golden Shiners were obtained from a commercial
grower (Treadway Fisheries, Carlisle, Arkansas), trans-
ported to the Lonoke Fish Disease Diagnostic Laboratory
in November 2014, and similarly acclimated to culture
conditions as previously described. After acclimation, GS
(mean individual weight � SD = 0.875 � 0.027 g) were
stocked into a 603-L recirculating system similarly config-
ured (nine 48-L tanks, 3 tanks/treatment, sump, biofilter,
and aeration), with 20 fish/tank. Water temperature was
maintained by a drop-in chiller (0.19 kW) with digital
temperature controllers (TradeWind Chillers, Escondido,
California).

The ambient starting temperature of the two systems was
20°C. After stocking, fish were allowed to acclimate for 1 d
before temperature in each system was reduced over a 7-d
period to the target (low) temperature of 7°C (McNulty
et al. 2000), during which time the fish were not fed (actual
water temperatures were 6°C for FHM and 8°C for GS).
The temperature reduction rate of 2°C per day is typical for
Arkansas during the onset of winter. Once the target temper-
ature was reached, feeding was initiated. Flow rate was set
at 2.4 L/min in each culture tank within both systems. Tem-
peratures were monitored twice daily (morning and evening)
and adjusted as needed. Dissolved oxygen was monitored
daily, and total ammonia nitrogen, nitrite-nitrogen, and pH
were measured weekly during both trials (Table 1). Lighting
in the room, which housed the experimental recirculating
systems, was set at 14 h light : 10 h dark.

Fish were offered the commercial feed ad libitum
according to one of the following three feeding regimens:
twice per week (2×/week), once per week (1×/week), or
once per month (1×/month). After 13 weeks (FHM) or
12 weeks (GS) of feeding at low temperature, the trials
were terminated to assess growth, survival, specific growth
rate (SGR), and condition factor (K). Samples of whole
fish (10 FHM; 58 GS) were collected at the start of each

trial (i.e., initial fish) and were obtained from each tank at
the end of each trial (10 FHM/tank; 11–17 GS/tank); the
samples were frozen (�20°C) for later determination of
whole-body FA composition.

Fatty acid analysis.—Whole fish were stored frozen at
�20°C until analysis. Fish were weighed whole, lyophi-
lized (Labconco Triad Model 7400040 freeze dryer; Lab-
conco, Kansas City, Missouri), and ground in a
laboratory blender (Waring, Inc., New Hartford, Con-
necticut). Lipid was extracted from the lyophilized tissues
by using the Folch method (Folch et al. 1957). Fatty acids
were saponified and derivatized to FA methyl esters
(FAMEs) according to the methods of Morrison and
Smith (1964). To each extracted lipid sample, 100 μL of a
tridecanoic acid (C13:0) standard solution (N-13AA7-N;
Nu-Chek Prep, Inc., Elysian, Minnesota) were added as
the internal standard. All samples were evaporated under
nitrogen to dryness.

Fatty acid methyl esters were analyzed using a Varian
Model CP3800 gas chromatograph/flame ionization detec-
tor (Varian, Inc., Walnut Creek, California) equipped with
a capillary column (100 m, 0.25 mm; Varian CP for
FAME CP7420), and helium was used as the carrier gas.
Injector port and detector temperatures were maintained at
250°C, with constant gas flow rates (hydrogen: 30 mL/min;
air: 300 mL/min; makeup gas: 31.7 mL/min). Column
oven temperature was initially 100°C and held for 10 min;
was increased to 160°C at a rate of 15°C per minute and
held for 10 min; and finally was increased to 250°C at a
rate of 2.5°C per minute and held for 10 min. Sample
FAMEs were identified and quantified by comparing peak
retention times and area counts to those of serially diluted
mixtures of FAME reference standards obtained from Nu-
Chek Prep that included GLC-473 spiked with trans 15:1,
trans delta 9-16:1, 23:0, and 21:0 methyl esters and tride-
canoic acid methyl ester (C13:0), which served as an inter-
nal standard for quantification of FAMEs.

Statistical analysis.—Growth and survival data were
analyzed using one-way ANOVA and the Student–New-
man–Keuls multiple range test in SAS version 9.3 (SAS
Institute, Cary, North Carolina) according to Ott (1977) to
determine whether significant differences (P ≤ 0.05) existed
among treatment means of individual fish responses. Fatty
acid profiles were subjected to multivariate ANOVA
(MANOVA) followed by stepwise discriminant analysis
(SDA) using the STEPDISC procedure in SAS. For each

TABLE 1. Mean (�SD) dissolved oxygen (DO; mg/L), temperature (°C), pH, total ammonia nitrogen (TAN; mg/L), and nitrite-nitrogen (NO2-N;
mg/L) in aquaria during winter feeding trials with Fathead Minnow held at 6°C for 13 weeks and Golden Shiners held at 8°C for 12 weeks.

Species DO Temperature pH TAN NO2-N

Fathead Minnow 9.81 � 1.08 6.20 � 0.63 8.21 � 0.24 0.37 � 0.13 0.13 � 0.15
Golden Shiner 8.54 � 0.40 8.04 � 0.79 7.70 � 0.13 0.15 � 0.08 0.02 � 0.02
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taxon, SDA was used to optimize the number of FAs in the
profile required to discriminate among the following fish
classes: initial fish (collected just prior to the start of
feeding), fish fed 1×/month, fish fed 1×/week, or fish fed 2×/
week and held at 6–8°C.

The FAs and their abundances selected by SDA were
then subjected to canonical discriminant analysis (CDA)
using the CANDISC procedure in SAS to (1) test the null
hypotheses that FA profiles did not differ among initial
fish and the fish fed at different frequencies and (2) indi-
cate the relative contribution of each FA to class discrimi-
nation (Johnson and Wichern 2002). Wilks’ lambda
statistic within the MANOVA of CANDISC was used as
the determinant of whether FA profiles differed among
fish classes. A plot of the first two canonical variates
(Can1 and Can2) was used to visually assess differences in
FA profiles among fish treatments. Pooled within-treat-
ment standardized canonical coefficients for each canoni-
cal variate were used to indicate the degree of correlation
between FA and the canonical variate that maximally sep-
arated fish classes. The canonical coefficients for each FA
included in the model were then ordered to determine
trends in composition among the four fish classes within
each species (Hair et al. 2005). The above procedure was
repeated after excluding initial fish profiles in order to fur-
ther discriminate among fed fish only.

Univariate ANOVA and the Tukey–Kramer multiple
comparison technique were also employed to further inves-
tigate differences among fish classes for individual FAs that
were found to be significantly discriminatory in the SDA.
Fatty acid abundances were log transformed prior to all sta-
tistical analyses. A P-value less than or equal to 0.05 was
considered significant for statistical comparisons.

RESULTS

Fathead Minnow
There were no significant differences in final weight

(P = 0.169) and survival (P = 0.691) of FHM after culture

for 13 weeks at 6°C (Table 2). Significant differences
were observed in percent weight gain (P < 0.001), K
(P = 0.003), and SGR (P < 0.001). Fathead Minnow that
were fed 2×/week gained about 3% of initial BW when fed
at low temperature, while fish in the other feeding treat-
ments lost weight. Whole-body lipid levels in FHM that
were fed 1×/month (7.11%) and 1×/week (7.22%) were sig-
nificantly (P = 0.023) less than those in fish that were fed
2×/week (9.75%) as well as those in initial fish (10.57%).

Individual FAs as well as some classes of FA differed
significantly among initial and post-winter-fed FHM
(Table 3). With the exception of 18:0 and 22:0, saturates
tended to be higher in initial fish, whereas most monoenes
decreased from initial fish concentrations as feeding fre-
quency decreased. The exceptions included 24:1, which
increased as feeding frequency decreased, and cis-vaccenic
acid (18:1[n-7]), which was highest in fish fed 2×/week
(14.9%), nearly equal in initial fish (11.9%) and fish fed
1×/week (11.3%), and lowest in fish fed 1×/month (7.8%).

Polyunsaturated fatty acids (PUFAs) and n-3 FAs
increased in concentration from initial FHM levels of
10.4% and 5.1%, respectively, to a high of 27%
and 15.6%, respectively, as feeding frequency decreased to
1×/month. However, n-6 FAs were higher but equally so
among fed-fish treatments (16.8–18.4%) compared to ini-
tial fish (11.7%). Hence, the ratio of n-6/n-3 FAs
decreased from 2.4:1 in initial fish to a low of 1.1:1 as
feeding frequency decreased to 1×/month.

Concentrations of LA (18:2[n-6]) were highest in FHM
fed 2×/week (10.4%) and decreased by nearly half (5.5%)
at the lowest feeding frequency (1×/month), whereas levels
of LA in initial fish were intermediate (6.5%) to those in
fish fed 1×/week (7.9%) and 1×/month. Levels of ALA
(18:3[n-3]) were 0.10–0.36% and not statistically different
among fish classes. Concentrations of 18:3(n-6) were
equal to or higher than levels among initial fish, fish fed
2×/week, and fish fed 1×/week when compared to fish that
were fed only 1×/month. Whole-body levels of the
long-chain PUFAs arachidonic acid (ARA), EPA,

TABLE 2. Initial weight (Wi; g), final weight (Wf; g), survival (%), weight gain (%), Fulton’s condition factor (K), and specific growth rate (SGR) of
Fathead Minnow that were offered one of three feeding regimes for 13 weeks at 6°C. Values are means � SD. Values with different letters are signifi-
cantly different (P ≤ 0.05).

Treatmenta Wi Wf Survival Weight gainb Kc SGRd

29/week 0.84 � 0.02 0.87 � 0.03 86.7 � 7.6 2.95 � 1.39 z 0.74 � 0.01 z 0.031 � 0.020z
19/week 0.90 � 0.06 0.88 � 0.05 88.3 � 7.6 �2.30 � 2.35 y 0.70 � 0.01 y �0.025 � 0.030 y
19/month 0.89 � 0.05 0.80 � 0.05 81.7 � 12.6 �10.08 � 2.05 x 0.66 � 0.02 x �0.110 � 0.030 x
P 0.273 0.169 0.691 <0.001 0.003 <0.001

aTreatments are ad libitum feeding once per month (19/month), once per week (19/week), or twice per week (29/week).
bWeight gain (% increase in Wi) = (Wf � Wi)/Wi 9 100.
cK = 100 9 (Wf/L

3), where L = fish length.
dSGR = (logeWf – logeWi 9 100)/t, where t = days of culture.
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docosapentaenoic acid, and DHA generally tripled in
FHM as feeding frequency decreased to 1×/month.

Multivariate ANOVA confirmed that FA profiles in
initial FHM could be distinguished from those of experi-
mental fish (Wilks’ lambda: F = 47.6; df = 27, 70.74;
P < 0.001) based on the abundances of nine (14:1, 15:0,
17:0, 18:0, 18:2, 20:0, 20:5, 24:1, and 22:6) of the 24 mea-
sured FAs (Table 4). As illustrated in Figure 1 (upper
panel), Can1 (y-axis) maximally separated initial fish FA
profiles from those of the experimental fish, whereas Can2
(x-axis) maximally discriminated among FHM fed at dif-
ferent frequencies. The first canonical variate accounted
for 64% of the variance, while Can2 accounted for an
additional 31% of the variance, resulting in a cumulative
variance of 96% (Table 4). The nine discriminating FAs

added weight to the previously noted trends in FA classes:
that is, higher saturates and lower PUFAs were found in
initial fish compared to fed fish.

When FA loading scores on Can1 (Table 4) are
ordered from most positive to most negative (loading
scores in parentheses), levels of 24:1 (4.28), 17:0 (0.94),
18:2 (�0.86), and 20:5 (�4.73) appeared to be most influ-
ential among the nine in distinguishing initial FHM from
experimental fish. As noted in Table 3, levels of 24:1 were
particularly low in the initial fish compared to experimen-
tal fish, whereas levels of 17:0 were greatest in the initial
FHM. Additionally, levels of LA (18:2[n-6]) were highest
in the more frequently fed (1×/week and 2×/week) fish,
while levels of EPA (as well as DHA) were much higher
in experimental FHM compared to initial FHM. When

TABLE 3. Whole-body fatty acid composition (%) of initial and fed Fathead Minnow that were held at 6°C for 13 weeks. Values are least-squares
means of three replicates and the pooled SE (SEp). Within a row, means with different letters are significantly different (P ≤ 0.05). Treatments are
defined in Table 2.

Fatty acida Initial 29/week 19/week 19/month SEp Pr > F

14:0 2.06 z 1.03 y 0.64 x 0.46 x 0.07 <0.001
15:0 1.18 z 0.70 y 0.75 y 0.81 y 0.03 <0.001
16:0 32.63 z 27.55 y 27.60 y 25.38 y 0.70 <0.001
17:0 2.63 z 1.64 w 1.84 x 2.12 y 0.05 <0.001
18:0 5.61 zy 5.08 y 6.03 z 5.92 z 0.18 0.004
19:0 0.85 z 0.00 y 0.00 y 0.00 y 0.06 <0.001
20:0 0.79 z 0.78 z 0.08 y 0.00 y 0.04 <0.001
22:0 0.56 0.00 0.75 0.00 0.41 0.238
Sum of saturates 45.76 z 36.79 y 36.94 y 34.69 y 0.75 <0.001
14:1 1.65 z 0.55 y 0.23 x 0.10 x 0.07 <0.001
16:1 9.15 z 6.48 y 4.74 x 4.02 x 0.35 <0.001
18:1(n-7) (VAC) 11.93 zy 14.93 z 11.32 zy 7.83 y 1.10 0.027
18:1(n-9) 7.23 z 3.50 zy 3.39 y 5.91 zy 1.21 0.034
20:1 1.26 zy 1.46 z 1.70 z 0.87 y 0.18 0.006
22:1 0.43 0.70 0.39 0.00 0.26 0.162
24:1 2.25 w 2.96 x 4.61 y 6.32 z 0.27 <0.001
Sum of monoenes 33.86 z 30.57 y 26.37 x 25.05 x 0.60 <0.001
18:2(n-6) (LA) 6.45 x 10.37 z 7.87 y 5.48 w 0.19 <0.001
18:3(n-3) (ALA) 0.10 0.36 0.26 0.28 0.26 0.959
18:3(n-6) (GLA) 1.83 z 1.40 z 1.28 z 0.55 y 0.19 <0.001
20:2 1.26 y 1.92 zy 2.51 z 2.48 z 0.18 <0.002
20:3 (all) 1.32 y 2.29 z 2.39 zy 3.20 z 0.21 <0.001
20:4 (ARA) 2.16 y 4.72 z 6.05 z 8.32 z 0.44 <0.001
20:5(n-3) (EPA) 1.34 w 1.72 x 2.61 y 3.53 z 0.12 <0.001
22:5(n-3) (DPA) 0.29 y 1.71 z 0.22 y 0.84 y 0.33 0.011
22:6(n-3) (DHA) 2.10 w 3.77 x 5.67 y 7.76 z 0.30 <0.001
PUFAs 10.40 x 17.90 y 20.99 y 26.98 z 0.95 <0.001
Σn-3 5.14 x 9.86 y 11.15 y 15.62 z 0.73 <0.001
Σn-6 11.71 y 18.41 z 17.71 z 16.84 z 0.56 <0.001
n-6/n-3 2.40 z 1.89 y 1.64 y 1.11 x 0.14 <0.001

aFatty acid classes and abbreviations are as follows: cis-vaccenic acid (VAC); linoleic acid (LA); alpha-linolenic acid (ALA); gamma-linolenic acid (GLA); arachidonic
acid (ARA); eicosapentaenoic acid (EPA); docosapentaenoic acid (DPA); docosahexaenoic acid (DHA); polyunsaturated fatty acids (PUFAs); sum of n-3 fatty acids (Σn-
3); sum of n-6 fatty acids (Σn-6); and ratio of Σn-6 to Σn-3 (n-6/n-3).
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FA loading scores on Can2 (Table 4) are ordered from
most positive to most negative, levels of 15:0 (2.43), 22:6
(1.54), 24:1 (�0.58), 18:2 (�0.70), 17:0 (�0.72), and 20:0
(�0.82) were most discriminatory in separating among fed
groups of FHM.

To further investigate FA profiles of experimental
FHM, initial fish profiles were sequestered, and only
experimental fish FA profiles were subjected to an addi-
tional iteration of SDA/CDA. Four FAs—17:0, 20:0,
18.2, and 24:1—were sufficient to discriminate (Wilks’
lambda: F = 36.4; df = 8, 42; P < 0.001) among FHM
from the three feeding regimens (Table 5). The first canon-
ical variate accounted for 87% of the variance and maxi-
mally separated FHM that were fed the least frequently
(1×/month) from those fed the most frequently (2×/week;
Figure 2). Fatty acid loading scores on Can1 suggested
that 17:0 (4.95) and 18:2 (�12.25) levels were highly dis-
criminatory, which was confirmed by treatment differences
seen in the univariate ANOVA (Table 3). Specifically,

TABLE 4. Class means and fatty acid loading scores of the first two
canonical variates (Can1 and Can2) for initial versus fed Fathead Min-
now held at 6°C for 13 weeks and Golden Shiners held at 8°C for
12 weeks. Treatments are defined in Table 2. Fatty acid abbreviations
are defined in Table 3.

Treatment, fatty acid, or
statistic

Fathead
Minnow

Golden
Shiner

Can1 Can2 Can1 Can2

Class meansa

Initial 10.88 �1.64 9.11 �0.30
19/month �1.07 6.17 �1.70 1.68
19/week �4.62 1.69 �3.36 0.10
29/week �5.20 �6.21 �4.05 �1.48

Fatty acid loading scores
14:0 �0.46 �1.27
14:1 0.80 0.19 1.25 0.52
15:0 0.49 2.43
17:0 0.94 �0.72
18:0 0.46 0.47
18:2 �0.86 �0.70
20:0 0.62 �0.82
20:5 (EPA) �4.73 �0.28
24:1 4.28 �0.58
22:6 (DHA) �0.02 1.54

Eigenvalue 47.24 23.11 42.59 1.92
Variance 0.64 0.31 0.96 0.04
Cumulative variance 0.64 0.95 0.96 1.00
R2 0.98 0.96 0.98 0.66

aClass means locate the center of each group of fatty acid profiles in Figure 1.
Loading scores are pooled within-class standardized canonical coefficients; scores
with the largest absolute values correspond to fatty acids with the greatest discrimi-
natory ability.

FIGURE 1. Scatter plots of the first two canonical variates (Can1 and
Can2) from the analysis of fatty acid profiles in initial and fed Fathead
Minnow (upper panel) and Golden Shiners (lower panel) held for 13 or
12 weeks at 6°C or 8°C, respectively. Symbols are for initial fish (i), fish fed
once per month (M), fish fed once per week (1), or fish fed twice per week (2).
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17:0 levels increased while 18:2 levels decreased as feeding
frequency decreased from 2×/week to 1×/month. The sec-
ond canonical variate accounted for an additional 13% of
the variance among FA profiles of fed FHM (Table 5)
and maximally separated fish that were fed 1×/week from
those fed either 2×/week or 1×/month (Figure 2). Based on
FA loading scores on Can2, levels of 17:0 and 18:2 were
again most discriminatory (13.96 and �9.91, respectively);
levels of both FAs were distinctly intermediate in fish that
were fed 1×/week compared to levels in fish fed more fre-
quently or less frequently (Table 3).

Golden Shiner
After 12 weeks, there were no significant differences in

GS final weight (0.79–0.82 g; P = 0.804), survival (65.0–
88.3%; P = 0.088), or percent weight gain (�6.84% to
�9.50%) among feeding regimens (Table 6). The K-values
of fish that were fed 2×/week were significantly higher than
those of fish from the other two winter feeding regimens.
Whole-body lipid levels in GS that were fed 1×/month
(3.01%) and 1×/week (3.24%) were significantly (P = 0.049)
less than those in initial fish (6.23%). Lipid levels in fish that
were fed 2×/week (4.75%) were numerically intermediate to
(but not different from) lipid levels in fish fed more or less
often and were not different from levels in the initial fish.

Individual FAs as well as some classes of FA differed
among initial and experimental GS (Table 7). Levels of
14:0 (P = 0.003) and 15:0 (P = 0.002) decreased in fed GS
from initial levels, while 18:0 (P = 0.005) increased in fed

fish (6.5–7.8%) compared to initial fish (4.9%). On the
other hand, the sum of saturated FAs (SFAs) did not dif-
fer significantly (P = 0.445) and ranged from 29.9% to
32.8% among all fish classes. The sum of monounsatu-
rated FAs significantly decreased (P = 0.003) from initial
fish levels (39.9%) to 27.5% in fish that were fed only
1×/month. Among the monoenes, as feeding frequency
decreased, levels of 14:1 (P < 0.001), 16:1 (P < 0.001),
and 18:1(n-7) (P = 0.081) declined or showed a tendency
to decline from initial GS levels. The sum of PUFAs was
higher in fed GS (33.3–38.9%) compared to initial GS
(25%) but did not differ among classes of fed GS. Simi-
larly, total n-3 FAs were higher but similar among classes
of fed GS (15.3–20.6%) compared to initial fish (9%).
Total n-6 FAs (15.6–17.8%) did not differ significantly
(P = 0.671) among fish classes. Ratios of n-6/n-3 FAs,

FIGURE 2. Scatter plot of the first two canonical variates (Can1 and
Can2) from the analysis of fatty acid profiles in Fathead Minnow fed
once per month (M), once per week (1), or twice per week (2).

TABLE 5. Class means and fatty acid loading scores of the first two
canonical variates (Can1 and Can2) for fed Fathead Minnow held at 6°C
for 13 weeks. Treatments are defined in Table 2.

Treatment, fatty acid, or statistic

Fathead Minnow

Can1 Can2

Class meansa

19/month 4.77 1.04
19/week �0.05 �2.11
29/week �4.72 1.07

Fatty acid loading scores
17:0 4.95 13.96
20:0 �1.06 11.27
18:2 �12.25 �9.91
24:1 1.93 �2.26

Eigenvalue 16.91 2.51
Variance 0.87 0.13
Cumulative variance 0.87 1.00
R2 0.94 0.72

aClass means locate the center of each group of fatty acid profiles in Figure 2.
Loading scores are pooled within-class standardized canonical coefficients; scores
with the largest absolute values correspond to fatty acids with the greatest discrimi-
natory ability.
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however, decreased from 1.8:1 in initial GS to 0.9:1 in fish
that were fed 1×/month. For most cases in which individ-
ual FA abundances were significantly different between
initial GS and experimental GS, there was either signifi-
cant statistical overlap or no significant difference among
the fed classes of GS (Table 7).

Fatty acid profiles in initial GS could be distinguished
from those of experimental fish (Wilks’ lambda:
F = 23.98; df = 6, 14; P < 0.001) based on the abundances
of two (14:0 and 14:1) of the 27 measured FAs (Table 4).
The first canonical variate (Figure 1, lower panel) maxi-
mally separated initial fish FA profiles from those of the
experimental fish and accounted for 96% of the variance.
The second canonical variate only accounted for an addi-
tional 4% of the variance but was statistically significant
(P = 0.014). However, when initial fish profiles were
sequestered, CDA was unable to discriminate among
experimental fish classes (i.e., Wilks’ lambda was not sig-
nificant; data not shown). The loading scores (Table 4) on
Can1 for 14:0 (�0.46) and 14:1 (1.25) indicated that 14:0
pulled experimental fish profiles in the negative direction
of the canonical plot (Figure 1, lower panel), while 14:1
pulled initial fish profiles in the positive direction. This
was corroborated by the trends seen in these two FAs
(Table 7); levels of 14:0 in initial GS (2.39%) were nearly
twice those of fish fed 2×/week (1.38%) and triple those of
GS fed 1×/month (0.77%). Levels of 14:1 were also much
higher in initial GS (1.36%); however, among fed fish,
levels of 14:1 showed the opposite trend from 14:0 and
increased from 0.03% in fish that were fed 2×/week to
0.28% in fish that were fed 1×/month.

DISCUSSION
The results of our study indicate that winter feeding

regimen may be important for minimizing weight loss in
baitfish, depending upon the cultured species. In the pre-
sent feeding trial for FHM, fish that were fed 2×/week
had a positive percentage weight gain (2.95%), while fish
that were fed 1×/week and 1×/month lost weight (�2.3%
and �10.1%, respectively). These data are in agreement
with Ludwig (1996), who reported that FHM fed 5 d/week
at 0.1% or 2% BW had increases in final BW. All GS lost

weight in the feeding trial regardless of feeding regimen,
in contrast to a study by McNulty et al. (2000), who
reported that GS lost weight when they were unfed but
had positive weight gains when fed at 1% and 2% BW/d
with air temperature greater than 7°C. Since it is necessary
to overwinter fish in ponds in the southeastern USA, it is
important to elucidate feeding strategies that will allow
for maximal survival of fish and that will possibly obtain
positive weight gain.

The data presented are the first from feeding trials to
evaluate winter feeding regimens and to measure FA com-
position in either FHM or GS. Although several published
studies have described the feeding of GS under conditions
of summer water temperatures (Gatlin and Phillips 1988;
Lochmann and Phillips 1995; Rowan and Stone 1995;
Lochmann et al. 2009, 2010), there is only one published
report with growth data from an outdoor winter feeding
trial (McNulty et al. 2000). Similarly, there is one pub-
lished report for FHM (Ludwig 1996); however, in that
study, only two feeding regimens were used based upon
BW, and no data were collected on FA composition of
the fish (Ludwig 1996; McNulty et al. 2000).

Warmwater fish do not feed as aggressively in cool or
cold months compared to warmer months of the year,
given that the metabolism of poikilotherms is reduced as
water temperatures decrease. Webster et al. (1994c)
reported that Channel Catfish Ictalurus punctatus lost
weight during the winter, and this was confirmed by sub-
sequent published data (Kim and Lovell 1995; Nanninga
et al. 2011); however, Webster et al. (1992) found a slight
increase in weight of Channel Catfish during the winter.
There appeared to be some benefit in feeding FHM
2×/week, as they did exhibit minimal weight gain; how-
ever, 1×/week and 1×/month feeding offered no increases
in BW. Likewise, none of the three feeding regimens eval-
uated in the present study resulted in a weight increase for
GS. Although fish of both species lost weight, this did not
appear to affect survival, with the exception of GS that
were fed 1×/month. Although the survival of GS fed
1×/month (65%) was not statistically different (P = 0.088)
from the survival of fish subjected to the other two feeding
regimens (80% and 88% for 1×/week and 2×/week, respec-
tively) at our chosen significance level (P ≤ 0.05), the

TABLE 6. Initial weight (Wi; g), final weight (Wf; g), survival (%), weight gain (%), Fulton’s condition factor (K), and specific growth rate (SGR) of
Golden Shiners that were offered one of three feeding regimes for 12 weeks at 8°C. Values are means � SD. Values with different letters are signifi-
cantly different (P ≤ 0.05). Treatments and response variables are defined in Table 2.

Treatment Wi Wf Survival Weight gain K SGR

29/week 0.88 � 0.04 0.82 � 0.09 88.3 � 5.77 �6.84 � 7.32 0.59 � 0.02 z �0.085 � 0.094
19/week 0.87 � 0.03 0.79 � 0.01 80.0 � 0.00 �9.50 � 2.93 0.55 � 0.02 x �0.116 � 0.034
19/month 0.88 � 0.01 0.81 � 0.04 65.0 � 17.3 �8.28 � 6.00 0.53 � 0.01 x �0.102 � 0.076
P 0.939 0.804 0.088 0.853 0.020 0.870
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numerical magnitude of the loss and borderline probabil-
ity suggest that this feeding regimen should be avoided.

This is the first report of FA composition of FHM
when fed at low water temperatures, and there were dra-
matic differences in FA composition among the three
feeding regimens used during the present study. These dif-
ferences indicate that when feed consumption and/or
growth is minimal, FAs are used differently compared to
those in fish that experience some weight gain during the
winter. Both SFAs and monoenoic FAs decreased from
initial levels over the duration of the feeding trial; how-
ever, fish that were fed 1×/week and 1 ×/month had a sig-
nificant increase in 24:1 compared to fish that were fed
2×/week, indicating that fish not actively growing may

selectively incorporate this FA into cell membranes to sur-
vive the winter (Farkas et al. 2001). However, if fish are
growing, even minimally, normal metabolic processes
occur, and 24:1 is not sequestered. The overall reduction
in SFAs and monoenoic FAs may be due to their use as
energy sources (Bell et al. 2003). Although it has been
reported that oleic acid (18:1[n-9]) is used as an energy
source during winter (Henderson and Sargent 1985; Roy
et al. 2017), only fish that were fed 1×/week had a signifi-
cant reduction in oleic acid from initial levels. Tocher
et al. (1998) suggested that 18:1(n-9) can be utilized as a
substrate for PUFA synthesis, which may explain why the
level of 20:3 increased in fish belonging to each feeding
treatment.

TABLE 7. Whole-body fatty acid composition (%) of initial and fed Golden Shiners that were held at 8°C for 12 weeks. Values are least-squares
means of three replicates and the pooled SE (SEp). Within a row, means with different letters are significantly different (P ≤ 0.05). Treatments are
defined in Table 2. Fatty acid abbreviations are defined in Table 3.

Fatty acid Initial 29/week 19/week 19/month SEp Pr > F

14:0 2.39 z 1.38 y 1.13 yx 0.77 x 0.14 0.003
15:0 1.05 z 0.61 y 0.67 y 0.64 y 0.06 0.002
16:0 20.23 18.92 20.40 19.74 1.32 0.848
17:0 1.60 1.32 1.60 1.69 0.10 0.124
18:0 4.91 y 6.52 zy 7.35 z 7.77 z 0.47 0.005
19:0 0.84 0.86 1.09 1.42 0.24 0.367
20:0 0.36 0.42 0.59 0.27 0.21 0.830
21:0 1.68 1.11 1.58 0.67 0.61 0.600
Sum of saturates 31.43 29.85 32.81 31.28 1.24 0.445
14:1 1.36 z 0.03 y 0.08 y 0.28 y 0.08 <0.001
16:1 8.99 z 5.82 z 5.03 z 4.35 z 0.49 <0.001
18:1(n-7) (VAC) 20.27 18.15 16.01 13.06 1.77 0.081
18:1(n-9) 5.09 4.71 4.59 4.76 0.16 0.250
20:1 0.82 1.42 1.42 1.79 0.34 0.251
22:1 1.33 1.61 1.10 0.42 0.42 0.262
24:1 2.02 2.76 2.51 2.81 0.76 0.920
Sum of monoenes 39.89 z 34.49 zy 30.76 yx 27.45 x 1.52 0.003
18:2(n-6) (LA) 7.53 z 8.04 z 5.99 zy 3.97 y 0.81 0.015
20:2(n-6) 1.16 y 1.94 z 2.08 z 2.33 z 0.21 0.010
18:3(n-3) (ALA) 0.95 1.33 1.52 1.96 0.30 0.163
18:3(n-6) (GLA) 2.47 z 1.56 y 1.26 y 1.14 y 0.15 <0.001
20:3 (all) 0.92 1.88 1.47 1.77 0.27 0.077
20:4(n-6) (ARA) 2.58 x 4.84 y 6.04 zy 8.24 z 0.56 <0.001
20:5(n-3) (EPA) 1.73 y 2.31 zy 2.84 zy 3.28 y 0.27 0.015
22:2 0.90 0.39 0.71 0.54 0.54 0.908
22:3(n-3) 0.34 0.33 0.76 0.49 0.51 0.976
22:4(n-6) 1.00 0.95 1.44 1.62 0.67 0.959
22:5(n-3) (DPA) 1.52 y 2.45 zy 2.67 zy 3.43 z 0.41 0.036
22:6(n-3) (DHA) 3.89 y 7.26 z 7.32 z 10.10 z 0.54 <0.001
PUFAs 24.99 y 33.30 z 34.09 z 38.88 z 1.79 0.003
Σn-3 9.00 y 15.25 z 15.82 z 20.55 z 1.03 <0.001
Σn-6 15.64 17.72 17.51 17.84 1.41 0.671
n-6/n-3 1.79 z 1.17 zy 1.12 zy 0.88 y 0.14 0.014
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While FHM had decreased SFAs and monoenoic FAs,
PUFA composition had significant increases in certain
FAs, with the magnitude of increases dependent on feeding
regimen. There were increases in 20:3, ARA (20:4[n-6]),
EPA (20:5[n-3]), and DHA (22:6[n-3]) in fish irrespective
of feeding regimen. Fathead Minnow that were fed 2×/
week and 1×/week had increases in LA (18:2[n-6]), but fish
that were fed 1×/month had reduced levels compared to
initial fish. Overall, the more frequent the feeding, the less
PUFAs were conserved, with PUFA levels for the feeding
treatments as follows: 2×/week < 1×/week < 1×/month.

This is also the first published report to elucidate the
FA composition of GS when fed during simulated winter
(coldwater) conditions. Lochmann et al. (2007) identified
the major FAs in eggs of GS and found high concentra-
tions of 16:0 (25.5–28.1%), 16:1(n-7) (5.8–8.1%), 18:0 (6.5–
7.3%), 18:1 (17.3–19.2%), LA (3.1–4.6%), ARA (4.3–
6.4%), and DHA (13.9–16.5%). The FA data from the
present study are in general agreement with the FA com-
position in GS eggs, with the exception that levels of
DHA in the current study are much lower than those pre-
viously reported for eggs. This is not surprising, as eggs
typically have higher concentrations of PUFAs, especially
n-3 PUFAs (Fuller et al. 2017).

Golden Shiner FA composition exhibited slightly differ-
ent trends than those in FHM. All GS lost weight during
the feeding trial, indicating that the studied temperature
(8°C) was not conducive for growth, which was evidenced
by fish utilizing monoenoic FAs (as opposed to SFAs) for
energy, while conserving PUFAs, especially DHA. Inter-
estingly, there was a trend toward conserving (increasing)
DHA as feeding frequency decreased; concomitantly, the
percentage of LA decreased as the number of feedings
decreased. This could imply that LA was used as an
energy source, while DHA was conserved for use in cellu-
lar membranes and in neurological tissues during colder
water temperatures.

Our findings that FHM and GS conserve PUFAs and
have static or reduced SFA and monoenoic FA concentra-
tions in response to winter (suboptimal) water temperatures
is consistent with Skalli et al. (2006), who reported that
polar lipids in cell membranes of European Bass Dicentrar-
chus labrax increased when fish were reared at 22°C com-
pared to fish grown at 29°C. Likewise, Correa et al. (2015)
observed maintenance or slight reductions in monoenoic
FAs but dramatically higher PUFA levels in Nile Tilapia
Oreochromis niloticus grown at 22°C compared to fish
reared at 28°C. Conservation of PUFAs also has been
reported in fasting fish even when water temperatures were
optimal for growth of that species. In a study by Webster
et al. (1994b), Channel Catfish that were fasted for
12 weeks had higher PUFA concentrations in muscle and
liver than non fasted fish; SFAs and dienoic FAs were sta-
tic, whereas monoenoic FAs decreased in fasted fish.

Phospholipids are a primary component of cellular
membranes that optimize fluidity by incorporating PUFAs
in the phospholipid molecules comprising the membranes
(Webster and Lovell 1990; Webster et al. 1994a). As tem-
peratures decrease, incorporation of PUFAs into cell
membranes is vital to maintain the fluidity that is neces-
sary for maintaining physical attributes and physiological
functions. The results of the present study indicate that
both FHM and GS sequester PUFAs at low water tem-
peratures to maintain membrane fluidity, as has been
observed for other species (Snyder and Hennessey 2003;
Ng et al. 2015; Liqin et al. 2016; Liu et al. 2018).

Fish inhabiting cold climates are known to generally
have higher levels of PUFAs in membranes compared to
fish from warmer climates (Evans et al. 2012). Based on
the current results, it appears that fish may conserve
PUFAs during cold (suboptimal) water temperatures and
that feeding frequency may also trigger PUFA sequestra-
tion, as both FHM and GS exhibited increases in PUFAs,
especially DHA, when feeding frequency decreased. This
is in contrast to the results of Bansemer et al. (2018), who
reported that Yellowtail Jacks Seriola lalandi lost weight
when fed at various frequencies and/or percentages of
BW, but there was no trend in conservation of PUFAs
under different feeding strategies when fish were fed at
suboptimal temperatures. Further research is needed to
more fully elucidate this aspect of fish feeding at cold
(suboptimal) water temperatures.

Commercial baitfish farmers raising FHM may benefit
from winter feeding 2×/week when weather conditions
allow. Farmers do not feed FHM large amounts of com-
mercial feed even in the summer, as this particular species
relies heavily on the primary productivity of the pond for
growth (Stone et al. 2016). However, natural food sources
are not as plentiful during the winter. Fathead Minnow
receiving feed 2×/week actually gained a modest amount
of weight (3%) compared to weight losses of approxi-
mately 2% for the 1×/week treatment and 10% for the 1×/
month treatment. Although the amount of weight gained
in the 2×/week treatment was minimal, positive growth
would be more advantageous to farmers than having their
standing crop lose weight that must be regained in the
spring, when water temperatures are higher and more con-
ducive for growth. Interestingly, feeding 2×/week in simi-
lar experiments with centrarchids (Bluegill Lepomis
macrochirus; and hybrid Bluegill [female Green Sunfish
L. cyanellus × male Bluegill]) also raised in Arkansas led
to substantial weight losses (12–20%) under all feeding
regimens examined (2×/week, 1×/week, and 1×/month) at
a low water temperature comparable to the one used in
this study (Roy et al. 2017). Fathead Minnow in the
2×/week treatment also had a better K than those in the
other two treatments (Table 2). Hence, FHM appear able
to preserve robustness after long periods of exposure to
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the temperature examined in this study if adequate feed
rations are provided. However, further studies in commer-
cial settings under fluctuating temperature conditions
would provide more insight into the response of FHM to
various winter feeding regimens.

Feeding GS 2×/week did not prove as advantageous as
the same feeding regimen for FHM at the temperature
examined. Golden Shiners lost approximately 7–10% of
their BW at all feeding regimens, and there were no dif-
ferences in weight loss. However, it is worth noting that
GS in the 2×/week treatment had a significantly higher K-
value than those in the other two feeding regimens
(Table 6), suggesting that fish receiving feed 2×/week may
display overall better condition following the winter
months. It should be noted that in this laboratory, study
temperature did not fluctuate as it would have in a com-
mercial pond. However, previous work by researchers in
Arkansas revealed that it was advantageous to feed GS
at 1–2% BW when pond water temperatures exceeded
7.2°C (Rowan and Stone 1992, 1994, 1995). As in the
case of FHM, further field studies are needed to refine
practical feeding recommendations at the commercial
level for GS.

In conclusion, FHM and GS generally lost weight
when water temperatures reached 6–8°C; however, this
did not appear to negatively affect survival. Furthermore,
key PUFAs, especially DHA, were conserved for physio-
logical needs in both species, while monoenoic FAs and
some SFAs were utilized as energy sources.
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